Abstract A response-spectra database is compiled of hundreds of seismic records from intermediate-depth earthquakes (earthquakes whose foci are located between 45 to 300 km from the earth's surface) with moment magnitudes of M 4.5-6.7 that occurred in the South Aegean subduction zone. The database consists of high-quality data from both acceleration-sensor and broadband velocity-sensor instruments. The database is much larger than previous databases used in the development of past empirical regressions enabling the determination of various parameters of ground-motion attenuation not previously examined. New variables accounting for the highly complex propagation of seismic waves in the Greek subduction zone are introduced based on the hypocentral depth and the location of the event, as these factors control the effects of the back-arc low-velocity/low-Q mantle wedge on the seismic-wave propagation. The derived results show a strong dependence of the recorded ground motions on both hypocentral depth and distance, which leads to the classification of the dataset into three depth-hypocentral distance categories. Ground motions from in-slab earthquakes, especially with hypocentral depths h > 100 km, are amplified for along-arc stations, an expected effect of channeled waves through the high-velocity slab. The ground motions are also strongly attenuated in the back-arc region, due to the low-Q mantle wedge, which are almost independent of the recording hypocentral distance. In contrast, for shallower in-slab events (60 km < h < 100 km), the corresponding differentiation of seismic motion for along-arc and back-arc stations is observed beyond a specific critical distance range. Moreover, for longer periods, both along-arc amplification and back-arc anelastic-attenuation factors strongly diminish, suggesting that the longer wavelengths of seismic waves are not affected by the complex geophysical structure, resulting in more similar ground motions for both back-arc and along-arc stations. Finally, results for interface events (h < 45 km) occurring along the outer Hellenic arc suggest their wave propagation is not affected by the presence of the low-velocity/low-Q S mantle wedge, but is mainly controlled by the differences of the anelastic attenuation between the Mediterranean and Aegean lithospheres.
Introduction
Ground-motion prediction equations (GMPEs) for earthquakes that occur in subduction zones are often an important input for seismic-hazard analysis. Significant hazard can originate from earthquakes both along the subduction interface as well as from large events within the subducting slab. The southern Aegean area is located along an active plate boundary environment (Hellenic arc) and has a complicated geological and seismotectonic setting (Fig. 1) . Thrust-fault interface earthquakes are found at shallow depths (typically 30-60 km) while oblique-thrust intermediate-depth (in-slab) earthquakes occur along a well-defined Wadati-Benioff zone at depths ranging from 60-170 km (Papazachos and Comninakis, 1969; LePichon and Angelier, 1979) . The foci of the intermediate-depth earthquakes form two segments of the southern Aegean-Benioff zone with different dipping angles. The first shallower segment (focal depths between roughly 30 and 90 km) has a lower dipping angle and corresponds to the external (outer-arc) section of the Benioff zone (see Fig. 1 ), which extends below the outer sedimentary Hellenic arc. The second deeper segment (depths ∼90-160 km) corresponds to the internal (inner-arc) Benioff zone section (see also Fig. 1 ), dipping steeply below the southern Aegean volcanic arc (e.g., Papazachos, 1990; Papazachos et al., 2000) .
The back-arc area, schematically shown in Figure 1 , exhibits very low levels of ground motions for intermediatedepth events as is evident in instrumental recordings and, to a large extent, the damage pattern of large intermediatedepth earthquakes (Papazachos and Comninakis, 1971) . The southern border of this area coincides with the volcanic arc, in agreement with the suggestion that this strong attenuation is related to the presence of the volcanic arc and the associated mantle wedge Boore et al., 2009; Skarlatoudis et al., 2009) .
Because of the highly complicated structure of the Greek subduction zone, seismic-wave propagation paths from the earthquake source to the ground surface vary significantly, depending on the earthquake type and recording site. Ground motions generated by different types of earthquakes (in-slab, interface, and crustal events) exhibit prominent differences at the various recording sites even for events that have identical magnitudes and hypocentral distances. For example, intermediate-depth earthquakes in the Hellenic subduction zone are characterized by very large differences of the recorded amplitudes at along-arc and back-arc stations, with high-frequency recordings strongly attenuated (mainly the S-wave phase) at back-arc stations (e.g., Papazachos and Comninakis, 1971) . This finding was confirmed by later studies, such as the work of Konstantinou and Melis (2008) who identified high-attenuation areas in the central/Northern Aegean (back-arc area) and low-attenuation zones in the subducting slab area (along-arc region) by analyzing the shearwave propagation properties from intermediate-depth events along the Hellenic subduction zone. Moreover, Boore et al. (2009) have also found significant differences in the expected ground-motion levels when comparing 5% pseudospectral acceleration (PSA) values for various periods from recordings of the strong 8 January 2006 Kythera M 6.7 intermediate-depth earthquake and recordings of two shallow earthquakes of comparable magnitudes at similar hypocentral distances.
In the present study, a response-spectra database of ground-motion recordings of interface and in-slab events, with magnitudes M 4.5-6.7, which occurred in the southern Aegean subduction zone has been compiled. The hypocentral parameters as well as the magnitudes of these earthquakes are compared against the values reported by several international seismological centers and research institutes in order to compile a unified earthquake catalog. The size of the database is much larger than that used in previous regressions for Greek subduction-zone earthquakes because it includes data from permanent accelerometric and seismological networks, as well as temporary seismological networks that operated for a limited time period in the southern Aegean area. The database compiled for earthquakes that occurred between 1994 and 2008 contains 743 horizontal-component response spectra (5% of critical damping), which are used to explore various aspects of the ground-motion scaling with magnitude and distance.
Database Used for the Regression
The database that was used for the regression analysis consists of existing data from previous work (Boore et al., 2009; Skarlatoudis et al., 2009) as well as additional data that have become available over the time period that followed. In Table 1 , the earthquakes (depths > 45 km) that were used in the present study are listed. The spatial distribution of these earthquakes is presented in Figure 2 together with the corresponding fault-plane solutions. As a first step, the earthquakes were separated into in-slab and interface events. This separation was based on experience from similar work for global data (Atkinson and Boore, 2003) , as well as on the source location relative to the subducting slab as confirmed by previous studies (Papazachos and Comninakis, 1971; Konstantinou and Melis, 2008; Boore et al., 2009; Skarlatoudis et al., 2009) .
The intermediate-depth event categorization was mainly based on their spatial location in the Hellenic arc (see Fig. 2 ), as well as their hypocentral depth (typically ∼50-170 km for in-slab events and ∼30-60 km for interface ones; e.g., Papazachos, 1990 ). Moreover, we also considered the existing knowledge on the active tectonics of the southern Aegean subduction area. As can be seen in Figure 1 , interface events occur on the outer Hellenic arc with mostly thrust faults (e.g., Papazachos and Delibasis, 1969; McKenzie, 1972) , while intermediate-depth in-slab events occur mainly in the inner Hellenic arc, typically with oblique thrust mechanisms that show a characteristic down-dip extension and arc-parallel compression (Taymaz et al., 1990; Kiratzi and Papazachos, 1995; Benetatos et al., 2004) . Following this categorization, epicenters for earthquakes characterized as in-slab are shown Figure 1 . A schematic geotectonic setting of the Hellenic subduction and its Benioff zone. The Aegean microplate is overriding the African plate at a convergence rate of ∼35-40 mm=yr in a northeast-southwest direction (thick black arrow). Typical faultplate solutions (Papazachos et al., 2000 ; black and gray focal mechanism plots) are in very good agreement with the regional subduction tectonics. The shaded area roughly depicts the highattenuation area (back-arc) as identified by previous studies, clearly associated with the volcanic arc. The color version of this figure is available only in the electronic edition.
by the white triangles (black and white focal mechanism plots), while black triangles (gray and white focal mechanism plots) denote epicenters for earthquakes characterized as interface events in Figure 2 . As can be seen from this figure, the fault-plane solutions of the examined events are in quite good agreement (especially the larger ones) with the typical fault-plane solutions presented in Figure 1 for interface and in-slab events. The final categorization is listed in column CR of Table 1 (0 for in-slab events and 1 for interface, respectively). The international seismological centers and institutes that reported the hypocentral parameters that were finally adopted for these earthquakes are also given in the last column of Table 1 .
Because originally reported moment magnitudes were available only for a few earthquakes, additional checks were performed before adopting the final moment magnitudes listed in Table 1 . For this reason m b and M L magnitude estimates reported from the International Seismological Center (ISC), the U.S. Geological Survey (USGS), the National Earthquake Information Center (NEIC), and the Geophysical Survey of Russian Academy of Sciences (MOS) have been used to estimate an equivalent moment magnitude, M , using appropriate conversion relations proposed by Scordilis (2006) . The equivalent moment magnitude, M , determined this way has been compared with the originally reported one, M w , whenever such an original estimate was available (e.g., from Global Centroid Moment Tensor [Global CMT] solutions or the catalogs of the Geodynamic Institute of the National Observatory of Athens and the Seismological Station of Aristotle University of Thessaloniki). The comparison showed a very small scatter between the originally reported and equivalent moment magnitudes for the examined earthquakes, with a mean difference M − M w of 0.04 and a standard deviation of 0.16. This excellent agreement justifies the approach to use M as equivalent moment magnitude whenever original M w values are not available. The finalmoment magnitude (original or otherwise equivalent) will be denoted as M.
Among the earthquakes used for compiling the present study dataset, the 8 January 2006 Kythera earthquake (M 6.7, h 67 km) has contributed a large portion of the data used in the regression analysis as it was recorded by both temporary and permanent velocity and accelerationsensor networks. Velocity and acceleration data were also available for almost all the intermediate-depth earthquakes that comprise the present study dataset.
In Figure 2 , the spatial distribution of the accelerationsensor and broadband velocity-sensor stations that are used in the present study is shown. The majority of these stations belong to the same networks and/or institutes that provided data for the Boore et al. (2009) and Skarlatoudis et al. (2009) studies. However, additional stations from CYCNET (Bohnhoff , 2004, 2006) and SIMBAAD networks (Paul et al., 2008) are also used in the present study. Additional information for the instrumentation and data availability can be found in Data and Resources.
The distribution of the data is shown in Figure 3 in terms of magnitude, hypocentral distance, and depth. Despite the small number of available earthquakes, there is a large number of data, which can adequately cover a wide hypocentraldistance range, studied in terms of hypocentral depth. The relative lack of data for deeper earthquakes (h > 100 km) and larger magnitudes (M > 5:5) is mostly due to the lower seismicity of the deeper branch of the Wadati-Benioff seismic zone where smaller magnitude earthquakes occur in comparison to the shallower branch of the Wadati-Benioff zone (Papazachos, 1990; Papazachos et al., 2005) .
Data Analysis
In order to construct an appropriate ground-motion prediction model for the two types of intermediate-depth earthquakes (in-slab and interface) and to determine the form of the predicting relation to be used in the final regression analysis, we performed a detailed analysis of the main dataset properties. (1) was initially used in order to perform separate regressions for in-slab and interface earthquakes for the study of the dominant distance scaling and the identification of the possible prominent bias between back-arc and along-arc recordings. In equation (1) Y corresponds to peak ground acceleration (PGA), peak ground velocity (PGV), and 5% damped PSA for the period range 0.01-4 s, M is the moment magnitude, R D 2 h 2 p is the hypocentral distance with D being the epicentral distance (in km) and h the hypocentral depth, S is equal to 1 for the National Earthquake Hazards Reduction Program (NEHRP) C soil conditions, and 0 otherwise, and SS is equal to 1 for NEHRP D soil conditions, and 0 otherwise (NEHRP, 1994; UBC, 1997) . The Rot50 measure (Boore, 2010) of the horizontal components of ground motion is used in regressions for PGA and PGV and the RotD50 for the 5% damped PSA. The specific measures of horizontalcomponent ground motions were selected because they are quite independent of the in situ orientations of the recorded ground motions and represent them in a consistent way without computing geometric means. Moreover, the data used in the regressions were subjected to maximum and minimum usable period limitations, defined by the sampling rate of each recording and the cutoff frequency of the low-pass filter (f c low) used in data processing, respectively. More specifically, the minimum usable period of each recording was set to T min 1:25 × T Nyquist , while the maximum usable period to T max 0:67 × T c low.
Classification of In-Slab Data in Depth Bins
The study of the 2006 Kythera intermediate-depth earthquake by Boore et al. (2009) and Skarlatoudis et al. (2009) revealed that the expected levels of ground-motion attenuation for back-arc stations in the Hellenic arc are strongly dependent on the hypocentral distance of the recording station. This dependence was attributed to the presence of the lowvelocity/low-Q S mantle-wedge layer (mantle LVL) above the subducting slab and specifically on the distance traveled by seismic waves within this region. What could not be evaluated in those studies was the attenuation dependence on the distance traveled by seismic waves in this LVL as a function of the hypocentral depth. On the basis of the knowledge of the seismotectonic setting (Hatzfeld et al., 1988; Papazachos et al., 2000) and regional travel-time and surface-wave tomography results (Spakman, 1988; Spakman et al., 1993; Papazachos et al., 1995; Papazachos and Nolet, 1997; Karagianni et al., 2005) for the geometry and spatial extension of the mantle-wedge LVL, it is reasonable to expect that for deeper earthquakes, the distance traveled by seismic waves within the mantle wedge is longer, hence the corresponding high-anelastic attenuation should be more evident especially in the S-wave phase.
In order to investigate the dependence of ground motion on the hypocentral depth for in-slab events, the corresponding data were classified into three depth bins (60 ≤ h < 80 km, 80 ≤ h < 100 km, and h ≥ 100 km, respectively). Moreover, Figure 2 . Acceleration-and velocity-sensor recording stations (see legend for symbols) and spatial distribution of the analyzed earthquakes, including their corresponding fault-plane solutions. White stars (black and white focal mechanism plots) correspond to epicenters of in-slab earthquakes, while black stars (gray and white focal mechanism plots) depict epicenters of earthquakes classified as interface. The white square and diamond denote the locations from two additional earthquakes used for result evaluation (see corresponding text). The color version of this figure is available only in the electronic edition.
the recording stations were also separated in back-arc and along-arc, based on their location, using the back-arc area shown in Figure 1 . Although the extent of the high-attenuation back-arc area is not accurately known, the border depicted in Figure 1 was based on the preliminary analysis by Skarlatoudis et al. (2009) and Boore et al. (2009) as well as regional higher-resolution P and S tomographic results Papazachos and Nolet, 1997) , which clearly delineate the spatial extent of the low-velocity (low-Q) mantle wedge at depths 50-80 km beneath the southern Aegean volcanic arc. After performing an initial regression using the simple functional form of equation (1), the corresponding data are presented in Figure 4 against the hypocentral distance for PGA and four selected periods 0.025 s, 0.2 s, 1 s, and 4 s after being reduced to magnitude M 5.5 and rock-site conditions using the preliminary coefficients c 2 , c 51 , and c 52 . In this figure, we present running averages rather than actual data in order to facilitate the visualization of the main differences among back-arc and along-arc data. An impressive difference of the level of ground motion for hypocentral depths h ≥ 100 km, for back-arc and along-arc data is observed, which reaches roughly one order of magnitude for PGA and short period/ higher frequency PSA (0:025 s=40 Hz). This difference becomes smaller for the shorter periods (1 s and 4 s), suggesting a frequency-dependent attenuation mechanism, such as anelastic attenuation.
Although the back-arc/along-arc bias is extremely large for all hypocentral distances for deep events (h > 100 km), this is not the case for the other two categories studied. For hypocentral depths 60 ≤ h < 80 km, even though the ground-motion levels from back-arc and along-arc data are almost identical for small hypocentral distances, a difference between back-arc and along-arc observations is gradually built within a critical distance range, which for this case is roughly defined from 205 to 355 km (vertical solid lines). At larger hypocentral distances (R hyp > 355 km), the observed back-arc/along-arc difference obtains its maximum value, which remains practically constant for larger distances, similar to the constant bias observed for deep (h > 100 km) events for the whole distance range. Similarly, for data from events with hypocentral depths 80 ≤ h < 100 km, the critical distance for which differences in the levels of ground motion start to gradually build up between back-arc and along-arc recordings is R hyp ∼ 140 km. The back-arc/along-arc bias obtains its maximum rather constant value, for distances greater than R hyp ∼ 240 km (the distance range is denoted with vertical dashed lines in Fig. 4) .
The results presented in Figure 4 exhibit several interesting characteristics. As earlier noted, the fact that the difference between back-arc and along-arc recordings is more prominent for higher frequencies suggests that intrinsic (anelastic) attenuation plays an important role. Moreover, this attenuation is stronger for deeper events, which is expected if the source of attenuation is the low-velocity mantle wedge above the subducting slab. On the other hand, the appearance of the back-arc/along-arc bias at progressively larger distances for shallower events suggests a specific wave-propagation pattern that allows the mantle wedge to affect the waveform only after a certain epicentral/hypocentral distance. Furthermore, the introduced attenuation from this low-Q area has a maximum effect that does not increase for larger epicentral distances. This observation is compatible with a specific, limited-size attenuation mantle wedge "pocket," hence attenuation does not further increase for more distant recordings.
A second important observation from Figure 4 is that the observed distance-decay pattern, which cannot be explained only on the basis of a mantle-wedge high attenuation. This is clearly seen by the fact that, for example, the along-arc data for h ≥ 100 km have much higher PGAs than the corresponding values for shallower focal depths. Furthermore, after the initial critical distance at which PGA and PSA start to deviate for h < 100 km curves, the along-arc distance decay exhibits a much smaller slope than for shorter distances. These observations are compatible with an amplification effect for along-arc recordings. Such an effect could be a result of high-amplitude channeled waves traveling through the subducting slab (e.g., Okal and Talandier, 1997) or a subduction channel, as already shown is possible for the southern Aegean subduction zone (Essen et al., 2009 ). Similar to anelastic attenuation, this effect is also expected to be reduced for longer periods, as longer wavelengths do not "see" the slab and its effect, explaining the convergence of distancedecay patterns for longer periods seen in Figure 4 .
In order to adequately capture the previously described characteristics of ground motion seen in Figure 4 , appropriate variables accounting for the "additional" attenuation or amplification of the data were incorporated in the final regression model. The data that were recorded at short hypocentral distances (shorter than the estimated critical distance where along-arc/back-arc bias starts to appear) are assumed to be the "reference" data that control the "average" level of ground motions relative to which the "additional" attenuation or amplification is defined. Clearly, data from the depth range h > 100 km do not belong to this group. Because of the small number of data in the 80 ≤ h < 100 km bin, the observed differences with respect to the 60 ≤ h < 80 km bin could not be incorporated as separate variables in the final regression model, hence common variables were used to take into account for the "additional" attenuation and/or amplification introduced to the corresponding back-arc and alongarc data after the critical distance.
The previous data patterns and conceptual description of the main attenuation/amplification mechanisms are summarized in Figure 5 , which schematically presents the main patterns of wave propagation along a profile parallel to the subduction direction. Along the subducting slab, both interface (outer-arc, shallower depth, mainly thrust-faults), as well as in-slab events (inner-arc, larger depth, oblique thrust) are generated. Seismic waves from shallower in-slab events propagate along the Aegean lithosphere and are recorded at short distances at both back-arc (behind the volcanic and 5% damped pseudospectral acceleration (PSA) data for the periods of 0.025, 0.2, 1, and 4 s, reduced to M 5.5 and rock-site conditions, and plotted against R hyp for the preliminary regression. Data are classified into three hypocentral-depth bins, h ≥ 100 km (thick black and gray curves), 80 ≤ h < 100 km (dashed black and gray curves), and 60 ≤ h < 80 km (thin black and gray curves), respectively. Black lines correspond to the back-arc data, while gray lines correspond to along-arc data. The vertical dashed and solid lines denote the two critical hypocentral-distance ranges, 140-240 km for the depth bin 80 ≤ h < 100 km and 205-355 km for the depth bin 60 ≤ h < 80 km, for which the back-arc/along-arc bias gradually develops (see text for explanation). front) and along-arc stations (outer-arc) without any differentiation. These waves (denoted as "normal" in Fig. 5 ) constitute the "reference" propagation data for hypocentral depths < 100 km. At larger distances the waves are either channeled, hence amplified, through the fast subducting slab (towards the south, outer-arc) or they cross the slow, low-Q mantle wedge, hence are attenuated, resulting in the observed PGA/PSA bifurcation at a certain critical distance. This backarc/along-arc bias increases at larger hypocentral distances until waves cross the entire mantle-wedge "pocket," hence attenuation does not further increase at more distant stations. For deeper events, this pattern occurs at shorter distances due to the position of the hypocenter relative to the mantle wedge. Eventually, for deep events (h > 100 km) that occur in the slab section after its slope change, as verified by regional tomography and the available Benioff-zone data (Papazachos and Nolet, 1997; Papazachos et al., 2000) , the back-arc/alongarc bias occurs for all records, as waves are either channeled through the high-Q slab or have to travel the low-Q mantle wedge. As the low-velocity/low-Q mantle wedge has specific limited dimensions beneath the volcanic arc (as verified by regional tomography; e.g., Papazachos et al., 1995) all waves travel the same distance through the high-attenuation area, hence the back-arc/along-arc difference remains practically constant for events with h > 100 km for the entire examined distance range, as seen in Figure 4 . Additional support for the conceptual model of Figure 5 is provided by the final regression results, later presented.
In addition to the previous data classification according to the event focal depth, new criteria for the characterization of back-arc and along-arc stations were adopted in order to better describe the observed ground-motion properties of each record for the different earthquake locations. The original classification we employed in Figure 4 used a rough definition of the high-attenuation back-arc area, on the basis mainly of the proposed boundary of the mantle-wedge LVL from tomography and the corresponding earthquake and the relative recording station location. This definition is adequate when studying the properties of a single earthquake but may fail to describe ground-motion properties when studying the properties of several earthquakes.
The modified approach is presented in Figure 6a . For a deeper event (event number 2) that lies in the back-arc area (beneath the volcanic arc) and a large hypocentral depth (> 100 km, see Benioff zone in Figs. 1 and 5) , the back-arc/ along-arc definition is not changed as ground motions in back-arc stations (station A) are strongly attenuated, while ground motions at outer-arc stations (B and C) are amplified as they travel along the subducting slab. For shallower events closer to the outer-arc (in general h < 100 km) such as event number 1 of Figure 6 , stations A and B are also classified as back-arc and along-arc, respectively. However, waves traveling to station C are characterized as back-arc, even if the station is located in the outer-arc, because seismic waves have to travel through the back-arc, high-attenuation area. This simple geometrical modification was employed for recordings of shallower in-slab events (h < 100 km), in order to roughly account for 3D attenuation effects that otherwise would normally require a full 3D wave-propagation approach.
In Figure 6b , we present the actual effect of the back-arc attenuation and the outer-arc high-frequency channeling amplification on real data. More specifically, for a deep event (h 134 km, event number 3 in Table 1 ), we present the spatial distribution of PGA/PGV ratios only for rock sites (class B). Although this ratio is usually employed for site effects assessment (Seed et al., 1976) , it has been successfully used to depict the frequency content of intermediatedepth earthquakes such as the Kythera event ). In our case, the whole back-arc area exhibits very low PGA/PGV values as a result of the anelastic-attenuation effect, which mainly damps higher frequencies, hence affecting mainly PGA. Similarly, the outer-arc exhibits very high PGA/PGV values, indicating higher frequency amplification, compatible with the idea of high-frequency channeled waves through the subducting slab. Notice that the spatial extent of the back-arc area defined on the basis of the available geophysical information coincides very well with the low PGA/PGV region, with the values of PGA=PGV ∼12 roughly corresponding to the back-arc/along-arc boundary.
Following the previous discussion, recording stations are classified as back-arc and along-arc on the basis of the relative position of the recording station and the earthquake hypocenter, also taking into account the distance criteria previously defined for the depth bins. Hence, for events with hypocentral depth h ≥ 100 km, recording stations are classified only as back-arc or along-arc, depending on the location of the recording station, independent of their hypocentral distance. For shallower in-slab events, with hypocentral depths 60 ≤ h < 80 km or 80 ≤ h < 100 km, recording stations are classified as: (a) back-arc or along-arc, if their hypocentral distance is longer than the upper limit of the distance range of the corresponding depth bin where data bifurcation (along-arc/back-arc bias) is found; (b) reference data, if they are recorded at distances shorter than the lower limit of the distance range specified for the corresponding depth bin; and (c) intermediate back-arc or along-arc, if they are distributed within the distance range defined for the corresponding depth bin where data bifurcation gradually develops.
Study of the Distance-Decay Rates
The distance-decay rates, for both in-slab and interface events, were studied for the various PSA periods before proceeding in the final regression. For in-slab events, the hypocentral distance range for which data are available does not allow the reliable estimation of the geometrical spreading coefficient as an independent variable due to the large trade-off with the anelastic-attenuation coefficient and the lack of data at short hypocentral distances (due to the large hypocentral depths). In order to estimate a representative geometrical spreading coefficient, the method applied by Atkinson and Boore (2003) was adopted and the simple functional form of equation (1) was used to perform a regression to the data considering a fixed, a priori value for the anelastic-attenuation coefficient, c 4 exp0:001R. The regression was performed for two typical PSA periods, namely 0.5 s and 1 s, and for two magnitude bins 4:5 ≤ M < 5:5 and 5:5 ≤ M ≤ 6:7 in order to also explore possible magnitude dependence. The estimated values for the geometrical spreading coefficient, c 3 , ranged from −1:60 to −1:77, with an average value of −1:70. These results also showed that the magnitude dependence of the coefficient is negligible and in very good agreement with the findings of Atkinson and Boore (2003) for in-slab earthquakes that also estimated a similar value (∼ − 1:75) for the two magnitude bins studied with very small magnitude dependence for in-slab events. Based on these results, the finally adopted value for the geometrical spreading coefficient for in-slab events was adopted as −1:7 and was held fixed for all regressions.
For interface events, a similar procedure was also applied, however the very small number of data available at short hypocentral distances did not allow the estimation of a robust value for the geometrical spreading coefficient, as the regression analysis resulted in unrealistically high values. Thus, considering the similar decay rate of the interface events with the available data for in-slab events, we adopted the same geometrical spreading coefficient. terization for in-slab events: For deeper events (h > 100 km, event 2) stations are characterized by their position in the back-arc/along-arc area, while for shallower in-slab events (h < 100 km, event 1) seismic energy has to travel through the higher-attenuation area to reach certain outer-arc stations (e.g., station C), hence the corresponding path is redefined as "back-arc". (b) Spatial variation of the PGA/PGV ratio for a deep event (h 134 km, event 3 in Table 1 ). Notice that the low PGA/PGV values in the back-arc area and the very high PGA/PGV values in the outer-arc, in agreement with the proposed back-arc anelastic attenuation and the along-arc channeled wave propagation, both mainly affect higher frequencies. The color version of this figure is available only in the electronic edition.
Final Regression Analysis In-Slab Events
The final regression of the dataset was performed using the mixed-effects model, as implemented with the algorithm introduced by Abrahamson and Youngs (1992) . For the mixed-effects model, the error term can be expressed as two separate terms, namely the interevent and intraevent error. Thus, the regression model has the following form: log Y ij fM i ; R ij ; h i ; ξ η i ε ij ;
( 2) where η i represents the error (bias) term for event i and ε ij represents the intraevent residual for recording j of event i. Event terms and the intraevent error are assumed to be normally distributed with zero mean and standard deviation. The functional form that was chosen for the regressions based on the classification previously described was 
and where
where H is the Heaviside function [Hξ 0 for ξ < 0, Hξ 1 for ξ ≥ 0] and h 0 100 km. All logarithms are base 10, M is the moment magnitude, R is the hypocentral distance, h is the hypocentral depth, and ARC 0; 1 for back-arc and along-arc stations (on the basis of the updated definition previously described in Fig. 6a ). Finally, S 1 and SS 1 for soil (class C) and soft-soil (class D) sites, respectively (and 0 otherwise). The geometrical spreading coefficient c 31 was fixed to −1:7, in accordance with the earlier distance-decay analysis and the reference distance R ref (Boore et al., 2009 ) was set to 1 km. The functional form of equation (3) contains typical terms (c 1 , constant; c 2 , magnitude term; c 31 , geometrical spreading term; c 61 , c 62 , site-effect term). Three types of additional terms are also introduced: (a) the c 32 is a typical anelastic-attenuation term however it mainly reflects the anelastic attenuation of reference data; that is, data corresponding to "normal waves" (see Fig. 5 ) that are recorded at distances where the back-arc attenuation/along-arc amplification do not appear; (b) the c 41 and c 42 terms that concern only back-arc data (ARC 0) and correspond to two different constant anelastic-attenuation terms (in agreement with previous discussion), which apply for depths h > 100 km (c 41 ) and h < 100 km (c 42 ); and (c) the similar c 51 and c 52 terms that concern only along-arc data (ARC 1), and correspond to two different constant amplification terms, which apply for depths h ≥ 100 km (c 51 ) and h < 100 km (c 52 ). These three families of terms attempt to account for the specific attenuation/amplification features identified in Figure 4 and schematically described in Figure 5 .
A special handling was required for the previously described intermediate data, namely data for events with depths h < 100 km, which belong to the distance transition zone for the two depth ranges examined (60 km ≤ h < 80 km and 80 km ≤ h < 100 km), where the back-arc/along-arc bias gradually develops. For this reason, a simple linear weight function, fh; R, was used to model these "transition" zones, that is, the critical distance range where the back-arc/ along-arc difference gradually builds up, as these have been already previously defined for each depth bin. Therefore, corresponding intermediate back-arc and along-arc data are assigned a weighted contribution of the total back-arc anelastic attenuation or along-arc amplification, on the basis of their hypocentral distance.
Evaluation of the Results
The final coefficients from the regression of equation (3) are given in Table 2 . The event terms as a function of record number, moment magnitude, and hypocentral depth are shown in Figure 7 , and no apparent trend can be identified. The results presented in this figure and especially the distribution of event terms with hypocentral depth show that the proposed classification of data in three depth bins was appropriate and produced relatively unbiased results. This assumption is also supported by the results presented in Figure 8 , which show the distribution of interevent residuals as a function of hypocentral distance (the symbols and coloring are the same as in Fig. 7 ). Both classes of data do not exhibit any trend with hypocentral distance for any of the three periods shown.
In Figure 9 , the variation of total misfit is plotted for the period range 0.01-4 s. The total misfit of the regressions exhibits the highest values (∼0:5) for the periods of 0.1 and 0.2 s, while for longer periods the values are getting smaller, with the smallest value estimated for the period of 4 s (∼0:3). This general increase with frequency has been also identified in the single-event results of Boore et al. (2009; crossed circles) and Cauzzi and Faccioli (2008) , which is opposite of the trend found in empirical regression analysis of response spectra (e.g., Abrahamson et al., 2008) .
The variation of the final regression coefficients for the period of in-slab events is shown in Figure 10 by the thin curves and gives a general overview of the properties of the determined anelastic attenuation for back-arc and amplification for along-arc data. Coefficients c 41 and c 42 accounting for the additional attenuation of the back-arc data exhibit the largest differences for shorter periods, while for longer periods they both tend to zero, suggesting that the anelasticattenuation source (mantle wedge) is not significant ("visible") for longer wavelengths. Coefficient c 51 , accounting for the additional amplification of the data from deep in-slab events, h ≥ 100 km, is practically stable for shorter periods and shows diminishing values for longer periods. A similar pattern is observed for shallower in-slab data (60 ≤ h < 100 km), where the amplifications (coefficient c 52 ) are smaller than for deeper events for shorter periods, although for periods longer than 1 s the amplifications are quite similar. Despite the small number of data recorded on soil and soft soil conditions, the corresponding coefficients follow the trend observed in the corresponding global data results of Boore et al. (2009) , showing a rather stable, frequency independent pattern, with slightly lower values in longer periods and relatively higher values for the period range 0.1-1 s.
In order to evaluate the performance of the estimated GMPEs, we plotted them together with the observed data from earthquakes with 60 ≤ h < 100 km reduced to M 5.5 and rock-site conditions (class B) for PGA and five periods (0.025, 0.2, 1, 2, and 4 s) in Figure 11 . The definition of and PSA for the periods 1 and 4 s. Gray circles correspond to data from deeper in-slab events (h ≥ 100 km). Black circles correspond to data from in-slab events (60 ≤ h < 100 km). Open squares correspond to interface earthquakes. back-arc, along-arc, intermediate back-arc, intermediate along-arc, and reference data for each depth bin was adopted as earlier described in the article. For all periods studied, the predicted results describe the observations with sufficient accuracy. Moreover, the good quality of the fit for the distance transition zones should be noted, with an exception for the periods of 1 and 2 s for which the small positive values of coefficient c 42 combined with the high-positive values of coefficient c 52 result in quite flat (distance-independent) transition curves for along-arc data. In Figure 12 , the predicted curves for the deeper in-slab earthquakes (h ≥ 100 km) fit the observations quite adequately for the presented periods. However, the most interesting feature is the continuously decreasing difference of the predicted ground-motion levels between back-arc and along-arc data for longer periods, implying that the mantle-wedge attenuation and slab amplification do not contribute as significantly for lower frequencies. This behavior is not as significant in Figure 11 , which is an additional indication that shallower in-slab events have different wavepropagation characteristics than the deeper ones, in accordance with the description presented in Figure 5 .
Present study results have been compared with similar GMPEs derived from worldwide or regional intermediate- Table 1 ). Figure 13 presents the predictions for M 6.7, rock-site conditions for a shallow in-slab event (h 66 km) for PGA and PGV, as well as for 1 and 4 s PSA. In Figure 14 , a similar comparison is presented for a deeper in-slab event (h 120 km).
The previous figures show that comparisons for the selected magnitude M 6.7 are more consistent among the various GMPEs presented for h 66 km. The largest discrepancies are observed for distances up to ∼200 km (reference curve), with present study results predicting a stronger distance decay of ground motion with respect to Bea09 results (determined for the same area for a single event). For larger distances, the results are in a good agreement with Bea09, especially for PGA, while for PGV the along-arc curve predicts lower ground motions and a steeper slope for distances larger than 350 km. Results for deeper events, such as h 120 km, show that the predictions for back-arc data are lower compared to the other GMPEs and larger in general for along-arc ones, clearly as a result of the different definition that we employ for back-arc and along-arc data in comparison to other global and regional relations. Figure 15 plots the predicted PSA amplitudes of an M 6.7 in-slab earthquake for two typical hypocentral depths (h 66 and h 120) at the distance of 66, 120, and 250 km and for NEHRP class C (soil). In the top left figure (h 66 km, R hyp 66 km), comparisons are performed with AB03, Bea09, and Zea06 for the distance and frequency ranges that the corresponding predictions are valid. The results verify the conclusions from Figures 13 and 14 , where a strong variability of the compared GMPEs is identified. Nevertheless, there is a good agreement of the Zea06 prediction with this study's results in most of the cases presented, while Bea09-predicted PSA levels are generally lower compared with this study's results. Figure 11 . Ground-motion prediction equations for PGA and PSA for five periods (0.025, 0.2, 1, 2, and 4 s) plotted together with observed in-slab data for depths 60 ≤ h < 100 km, reduced to M 5.5 and rock-site conditions (see text for explanation on the various data classes). The color version of this figure is available only in the electronic edition. Figure 12 . Ground-motion prediction equations for PGA and PSA for five periods (0.025, 0.2, 1, 2, and 4 s) plotted together with observed in-slab data for depths h ≥ 100 km, after reduction to M 5.5 and rock-site conditions. Black and gray colors denote back-arc and along-arc data, respectively. Data used for prediction validation are also shown with squares (event number 20 in Table 1 ) and diamonds (event number 21).
Interface Events
Deep interface events, limited to hypocentral depths ranging between 45 km and 60 km, were considered as a single-depth bin following the same approach as previously described for in-slab events. As a first step, we adopted the same original back-arc and along-arc categorization on the basis of the position of the recording station relative to the epicenter. In Figure 16 , data-running averages from interface events are plotted against the hypocentral distance for PGA and 0.025 s, 0.2 s, and 1 s periods (regressions are limited to 1 s due to the lack of data from acceleration-sensor instruments). The observed pattern of back-arc/along-arc bias varies with period, with higher frequencies showing a gradual development of this bias, especially after the hypocentral distance of 300-350 km, while 1 s data exhibits a rather constant difference for the complete common back-arc/along-arc distance overlap (from R hyp ∼ 200 km). In order to overcome these discrepancies and after several trials, we employed the functional form that was used for the regressions by Skarlatoudis et al. . Predicted spectra for M 6:7 with (a) h 1 66 km and (b) h 2 120 km for NEHRP C (soil) site conditions and in-slab events. The spectra are calculated for two hypocentral distances, one at zero epicentral distance (above each hypocenter, left panels) and one at R hyp 250 km (right panel). The corresponding predictions for the 8 January Kythera intermediate-depth earthquake (Boore et al., 2009; Bea09, Atkinson and Boore, 2003; AB03, and Zhao et al., 2006; Zea06) are also shown for comparison.
back-arc and along-arc anelastic attenuation, while for coefficient c 3 the fixed value of −1:7 was adopted as earlier described. Regressions were performed using the Abrahamson and Youngs (1992) algorithm and the corresponding coefficients are presented in Table 3 .
The distribution of event terms with hypocentral depth and magnitude, shown in Figure 7 for PGA and PSA 1 s, does not exhibit any significant trends, although the total number of the events is rather small to perform a complete residual analysis. Similar conclusions can be drawn for the intraevent-terms distribution with hypocentral distance, presented in Figure 8 , where no apparent trend can be observed. The overall trend of the total misfits for the interface events, presented in Figure 9 , is following the corresponding one for in-slab events, exhibiting lower values for longer periods.
The most interesting feature derived from the regression coefficients for interface events is the comparison of the anelastic-attenuation factors with respect to the general anelastic-attenuation coefficient (c 32 ) of the in-slab ones. As can be seen in Figure 10 , coefficients c 41 and c 42 are practically independent of period exhibiting, a constant difference between back-arc and along-arc data and quite similar values for the coefficient c 32 of in-slab events for the same period range. These results show a possible different wave-propagation mechanism for interface events in comparison to in-slab events, for which seismic waves are not significantly affected by the presence of the mantle-wedge LVL but are mostly controlled by the attenuation properties of the different crustal formations between the Mediterranean and the Aegean crust.
Discussion
One of the main challenges of this study was to integrate the conceptual geotectonic and wave-propagation model presented in Figure 5 , which is based on existing geophysical studies, with a functional form that could yield reasonable estimates in the regression analysis. Therefore, it is interesting to consider the behavior of the additional coefficients, c 32 , c 4 , and c 5 , introduced in the regression, with respect to the implications of the proposed geophysical model. The reference anelastic-attenuation coefficient, c 32 , which describes the general anelastic attenuation of seismic waves in the Aegean lithosphere, exhibits a typical behavior, with relatively small (absolute) values decreasing rapidly with period (increasing with frequency) up to ∼1 s and showing a smaller decrease for lower periods (0.01-1 s). On the other hand, coefficients c 41 and c 42 , which describe the additional anelastic attenuation imposed on seismic waves crossing the mantle-wedge LVL (also low-Q area) beneath the southern Aegean volcanic arc, show a very compatible pattern with the model of Figure 5 . In particular, coefficient c 41 for deeper events (h ≥ 100 km) has larger absolute values than c 42 (for shallower events, h < 100 km), as expected from Figure 5 , because seismic waves from deep (h ≥ 100 km) in-slab earthquakes travel larger distances within the LVL (low-Q) Figure 16 . Data-running averages for PGA and PSA data for the periods 0.025, 0.2, and 1 s, reduced to M 5.5 and rock-site conditions, plotted against R hyp for interface events. Back-arc and alongarc data are denoted with the black and gray curves, respectively. wedge than the shallower (60 ≤ h < 100 km) ones. The fact that we employed a constant maximum anelastic-attenuation term is in agreement with the fixed size of the mantle wedge low-Q "pocket." Moreover, the estimated attenuation has a rather constant value for higher frequencies (5-100 Hz) and significantly diminishes for longer periods (0.2-4 s), as expected for anelastic-attenuation effects.
An additional feature is the derived slab-amplification effect, showing a pattern expected from the geophysical model of Figure 5 , with coefficient c 51 (deeper events h ≥ 100 km) exhibiting in general higher values than c 52 (shallower events, h < 100 km). Because coefficient c 5 corresponds to the "additional" amplification of the seismic waves that travel within the colder, high-Q, subducting slab, it is quite reasonable to assume that seismic waves from deeper in-slab events are more prone to channeling/focusing effects compared to shallower in-slab events. The results in Figure 10 show that this amplification effect starts to diminish at the frequency of 1-2 Hz, becoming very small at the period of 4 s, as longer wavelengths do not "see" the subducting slab, and are therefore gradually less affected by its presence. Considering typical mantle velocities, this pattern change corresponds to wavelengths of 2-5 km, suggesting that this slab channeling occurs along a relatively narrow waveguide, possible a subduction channel (Essen et al., 2009) and/or the subducted ocean-type crust of the eastern Mediterranean lithosphere.
The applicability of the proposed prediction relations can be confirmed by the use of observations from two events that occurred more recently in the Hellenic subduction zone and were not used in the regressions (events numbers 20 and 21 in Table 1 and Fig. 2 ). The data from these events were also reduced to magnitude M 5.5 and rock-site conditions ( Fig. 12 ; event number 20, squares; event number 21, diamonds). The observed values are in good agreement with the prediction equations, for both back-arc and along-arc data and within the limits of the data dispersion of the original regressions.
The south Aegean subduction zone exhibits several particular characteristics in comparison to other subduction areas worldwide. An example of this particularity is the very large difference observed in the predicted response-spectra levels between back-arc and along-arc data. This difference of ground motions in along-arc areas by a factor of almost ∼10 with respect to back-arc areas, may be large and not usual for other subduction zones worldwide, however it is fully justified by past damage observations for large intermediate-depth earthquakes in the Hellenic arc.
Conclusions
The large number of high-quality records employed in this work allowed the derivation of an updated attenuation model incorporating variables based on event hypocentral depth, as well as on the influence of the low-velocity/low-Q mantle wedge and the high-Q slab on seismic waveforms for the southern Aegean subduction zone. The need to define an updated model emerged from the observation that for deeper earthquakes the influence of the mantle LVL/low-Q wedge and subducting slab on seismic waves is more prominent, suggesting that appropriate variables accounting for the "additional" attenuation or amplification needed to be incorporated in the ground-motion prediction model. After data classification into three hypocentral-depth bins (60 ≤ h < 80 km, 80 ≤ h < 100 km, and h ≥ 100 km) for in-slab events, the dependence on hypocentral distance showed that a critical hypocentral-distance range could be identified for the two shallower depth bins (R hyp ∼ 205-355 km and 140-240 km, respectively) within which a back-arc/along-arc difference develops and beyond which obtains a maximum, constant value. For deeper earthquakes (h > 100 km), the back-arc/along-arc difference was observed for the whole distance range studied hence no critical distance range was introduced. Moreover, a new categorization of back-arc and along-arc stations was introduced, based on the relative position of the recording station with respect to the in-slab earthquake location, its hypocentral depth, and the critical distance range identified for the two shallower depth bins (i.e., only data for hypocentral distances longer than the critical distance are characterized as back-or alongarc, while shorter hypocentral distances data are characterized as "reference"). Comparisons with other GMPEs derived from worldwide or regional data are in good agreement, given the particular characteristics and properties of the South Aegean subduction zone previously discussed.
Results presented in this work also allowed constraint of the different properties of deeper intermediate-depth (in-slab) and shallower interface events that occur in the South Aegean subduction zone. As shown in Figure 17 , the larger observed differences occur at short distances for PGA, while for longer distances there is a general agreement for both back-arc and along-arc PGA data. On the other hand, PGV predictions for interface events are higher compared with the ones from intermediate-depth events, both for back-arc and along-arc data, mainly at larger distances. Considering also the comparisons of recorded ground motions of intermediate-depth with shallow-crustal events (already discussed by Boore et al., 2009) , the individuality of intermediate-depth events is verified and the need for considering the contribution to earthquake hazard from the different earthquake types and areas (back-arc/along-arc) for the southern Aegean subduction system becomes evident.
Data and Resources
Velocity-sensor data used in this study were collected from permanent Greek seismological networks, operated by the National Observatory of Athens (NOA) and the Aristotle University of Thessaloniki and are available to the public upon request. The main body of broadband velocity-sensor recordings for this study came from the EGELADOS, CYGNET, and SIMBAAD temporary networks, which are not yet publicly released. Additional broadband velocitysensor recordings were used from GEOFON and are available from the corresponding online database http://www .webdc.eu/arclink/query?sesskey=f60cb2a3 (last accessed August 2012). The website for broadband velocity sensor and accelerometer in Patras, Greece, is http://seis12.karlov. mff.cuni.cz/greece/ (last accessed August 2012). Acceleration-sensor data used in this study were collected using the acceleration-sensor networks operated by the Institute of Engineering Seismology and Earthquake Engineering (ITSAK), the NOA, the Public Power Corporation, and the Astronomical Observatory of Larissa. Data from ITSAK and NOA networks are available upon request, while data from the other two acceleration-sensor networks are not publicly released.
